N-acetyl-4-aminophenol (acetaminophen/paracetamol, NA4AP) is one of the most commonly used over-the-counter analgesic and antipyretic drugs. Recent studies have reported anti-androgenic effects of NA4AP in vitro and possible associations between intrauterine exposure to NA4AP and the development of male reproductive disorders in humans. NA4AP is also a major metabolite of aniline (phenylamine), representing 75-86% of the aniline dose excreted in urine. Aniline is an important large-volume intermediate in several industrial processes. Besides individuals in various occupational settings with aniline exposure, the general population is also known to be ubiquitously exposed to aniline. In this article, we provide an overview of the recent literature concerning the intake of NA4AP during pregnancy and the possible anti-androgenic effects of NA4AP as well as literature concerning its known metabolic precursor aniline. We also present new research data, including the first human biomonitoring data on NA4AP excretion in urine, showing ubiquitous NA4AP body burdens in the general population at a wide range of concentrations. We found a small but significant impact of smoking on urinary NA4AP concentrations. We further present preliminary data on NA4AP excretion after therapeutic acetaminophen use, after aniline exposure in an occupational setting, and during a controlled fasting study (excluding oral exposure to both aniline and acetaminophen). Our findings indicate exposure to aniline (or aniline-releasing substances) as well as nutrition (next to the direct use of acetaminophen as medication) as possible sources of internal body burdens of NA4AP.
Introduction
Since its market placement in the 1950s, acetaminophen, in Europe generally referred as paracetamol (N-acetyl-4aminophenol, CAS no. 103-90-2, abbreviated herein as NA4AP (acetaminophen/paracetamol)), is one of the top-selling and heavily used over-the-counter (OTC) analgesic (pain-relieving) and antipyretic (feverreducing) nonsteroidal anti-inflammatory drugs (NSAIDs). NA4AP is also approved for veterinary use in the European Union, for example, in poultry and swine meat production (European Commission 2010). However, it has long been overlooked that NA4AP is the major metabolite of aniline (phenylamine, . Aniline is an important building block in the chemical industry, for example, in the production of rubber, pesticides, and colorants used in food, cosmetics, and textiles. It has been known for some time that the general population is ubiquitously exposed to aniline through environmental as well as occupational sources.
In two recent human biomonitoring (HBM) pilot studies carried out by our group, we have reported the ubiquitous excretion of NA4AP in urine in the general population (Modick et al. 2013 , Dierkes et al. 2014 . We observed maximum urinary NA4AP concentrations well in the milligram per liter range even after the exclusion of individuals using NA4AP-containing pharmaceuticals or individuals with possible occupational exposure to aniline.
The ubiquitous presence of a pharmacologically active substance in the general population per se warrants further investigation. Additionally, recent in vitro studies as well as epidemiological studies suggest NA4AP as a possible risk factor for male developmental disorders in humans (Kristensen et al. 2012 , Thiele et al. 2013 . Therefore, in this article, we give an overview of the available data on possible detrimental effects of NA4AP on male sexual development, its role in aniline metabolism, recent HBM data, and possible sources of internal body burdens of NA4AP in the general population in environmental and occupational settings. We complement this article with new research data on NA4AP HBM from our institute.
Intakes and usage of NA4AP
NA4AP in human NSAIDs NA4AP along with aspirin is one of the most commonly used OTC drugs for the treatment of pain and fever. The German pharmaceutical register lists 55 formulations containing NA4AP as a single drug or as a pharmaceutical ingredient in combination drugs that are approved for sale in Germany (Landschneider 2011) . In 2008, two of the ten top-selling pharmaceuticals in Germany contained NA4AP (Glaeske et al. 2009 ). About 35.5 million packages of NA4AP, each containing 20-40 pills, were sold in Spain in 2009 (Ortiz de García et al. 2013) .
NA4AP and NA4AP-containing pharmaceuticals are also commonly used by pregnant women (Black & Hill 2003) . Several large birth cohort studies have reported general intake of OTC analgesics during pregnancy (see Table 1 ). Reasons for the intake of OTC analgesics were mainly headache (66.5%) followed by muscle ache (8.7%) and other types of pain (8.7% in sum). Fever, inflammation, and cold accounted for 6.9% (Kristensen et al. 2010) .
Variations between these studies may be explained by the study sizes as well as demographic factors such as ethnicity, educational status, and age (Werler et al. 2005) . There is also an influence based on whether the inquiry was realized through self-administered questionnaires or by telephone interviews. In a study carried out in a Danish cohort (Kristensen et al. 2010) , 285 mothers completed both a questionnaire and a telephone interview. In the questionnaire, 30.9% (88 of 285) of the mothers reported the use of analgesics as opposed to 57.2% in the telephone interview (163 of 285). The authors of this study came to the conclusion that many mothers did not consider OTC analgesics as medication and therefore strongly underreported its use unless they were specifically asked.
However, the available data clearly indicate that OTC analgesics are also commonly used by pregnant women. Large studies (Werler et al. 2005 , Rebordosa et al. 2008 have indicated NA4AP and NA4AP-containing pharmaceuticals as the most commonly used products.
NA4AP can freely pass the placenta (Weigand et al. 1984) . NA4AP and its metabolites were detected in the urine of neonates after their mothers had taken NA4AP a few hours before delivery (Levy et al. 1975a ). Furthermore, as NA4AP is excreted in breast milk after therapeutic dosing, neonates can be exposed to NA4AP. Bitzén et al. (1981) monitored the levels of NA4AP in plasma and breast milk in three lactating women after the use of a single 500 mg dose of NA4AP. In breast milk, maximum concentrations of w4 mg NA4AP/l were found within 2 h of intake. Therefore, the authors estimated a dose of !0.1% of the maternal dose for infants in 100 ml breast milk (Bitzén et al. 1981) . Comparable values were estimated by Berlin et al. (1980) with 22 lactating women who were given a 650 mg dose of paracetamol. The authors evaluated the ingestible amount of NA4AP for neonates to be 0.04-0.23% of the maternal dose in 90 ml breast milk. Neither NA4AP nor its metabolites could be detected in the neonates' urine samples 3-5 h after maternal dosing (2 h after nursing at peak maternal milk levels; Berlin et al. 1980) . In a study carried out in 1987, NA4AP could be detected in the urine samples of six neonates whose mothers were given NA4AP, although at considerably higher doses of 1-2 g. The authors detected free NA4AP and its glucuronide and sulfate conjugates in all the urine samples, whereas cysteine and mercapturic acid conjugates could be detected in the urine samples of five of the six neonates (Notarianni et al. 1987 ). Thus, not only mothers but also fetuses and neonates are exposed to NA4AP.
NA4AP in veterinary/meat production use
According to Commission Regulation (EU) 37/2010 on pharmacologically active substances and their classification regarding maximum residue limits in foodstuffs of animal origin (European Commission 2010), NA4AP is approved for veterinary use in Europe. The regulation restricts the usage of NA4AP for porcine species. However, according to a report of the Committee for Veterinary Medicinal Products, which belongs to the 
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European Agency for the Evaluation of Medicinal Products (EMEA), NA4AP is also used in cattle and poultry for the treatment of fermentation disorders, painful diseases, and pyrexia (Committee for Veterinary Medicinal Products 1999). In Regulation (EU) 37/2010, no maximum residue limit, and therefore no withdrawal period after the treatment of animals with NA4AP, was established. Suppliers of veterinary medicine formulations offer NA4AP as 30% solutions (30 g/100 ml) in package sizes of up to 20 l. Interestingly, one study conducted in the mid-1960s reported a stimulatory effect of NA4AP on chicken growth. NA4AP given at dietary levels between 0.1 and 2.0 g/kg feed was found to increase weight gain in roosters and in hens by 6.5-10% compared with that in the controls (Dikstein et al. 1966) .
To our knowledge, NA4AP has not been part of largersized national food monitoring programs in the past few years. In 2002, NA4AP was part of the monitoring program of the German national residue control plan, processed by the German Food Safety Authority. In sum, 221 samples of animal products or food products of animal origin, inter alia, including poultry, veal, cattle, swine, and milk were tested for NA4AP. Residues of NA4AP could not be detected in any of the samples analyzed (Federal Ministry of Food, Agriculture and Consumer Protection 2002) . However, the report of the national residue control plan does not include any information on either the analytical methods applied or their limits of quantification, which makes interpretation of the results difficult. In contrast to antibiotics, published analytical methods for the determination of NA4AP in foodstuffs of animal origin are rather rare. Hu et al. (2012) published a method for the determination of 30 NSAID residues including NA4AP in swine muscle by ultra-HPLC coupled with tandem mass spectrometry. The detection limit was 0.4 mg/kg and the quantification limit was 1.0 mg/kg. The authors reported trace residues of NA4AP (and other NSAIDs) in 100 samples of imported swine muscle with a positive rate of about 7%. A similar method for the determination of NA4AP among other NSAIDs in bovine milk and muscle tissue was developed by Gentili et al. (2012) . The authors applied the method to eight milk samples and eight bovine muscle tissue samples. No residues of NA4AP could be detected in any of the samples (Gentili et al. 2012) . Love et al. (2012) detected NA4AP in feather meal (a byproduct made from poultry feathers), which can be used as an additive in animal feed in concentrations ranging from 15.1 to 155 mg/kg (83% positive samples). These authors suggested contaminated feather meal as a possible route for re-entry of pharmaceuticals into the food chain.
NA4AP as the major metabolite of aniline NA4AP and its conjugates appear in the metabolism of aniline. Kao et al. (1978) found NA4AP (mainly in its glucuronic acid-or sulfate-conjugated form) to be the major urinary metabolite in pigs (w77%), sheep (w85%), and rats (w65%). Between 2 and 13% of NA4AP was excreted as free NA4AP among all three species. Other urinary metabolites were O-conjugates of 2-and 4-aminophenol (5.5-25% of the aniline dose) and acetanilide (0.5-3.4% of the aniline dose) (Kao et al. 1978) . Figure 1 shows the simplified metabolic pathway of aniline according to the findings of Kao et al. (for a more detailed aniline metabolism pathway scheme, see German Federal Ministry of Environment (2011)). A similar excretion pattern for aniline can be expected in humans (German Research Foundation 1992) . Lewalter & Korallus (1985) found NA4AP (in concentrations up to the mg/l range) and acetanilide (in the mg/l range) in the urine samples of workers following occupational exposure to aniline (air concentrations below the occupational threshold limit of 7.7 mg/m 3 air) (German Research Foundation 1992) . NA4AP was also detected as a metabolite after acute aniline intoxication (Iwersen-Bergmann & Schmoldt 2000) . Dierkes et al. (2014) detected acetanilide and NA4AP in the urine samples of six volunteers known to be exposed to aniline. Further in-depth quantitative and kinetic investigations of human aniline metabolism do not exist to our knowledge.
The ubiquitous body burden of aniline in the general German population has been well described previously. Total urinary aniline has routinely been determined after hydrolysis to cleave possible aniline conjugates such as acetanilide (el-Bayoumy et al. 1986 , Riffelmann et al. 1995 , Ward et al. 1996 , Weiss & Angerer 2002 . Aniline, determined in this way, has been recently found in over 90% of the urine samples collected from 1004 individuals from the general German population (Kütting et al. 2009 ; Table 2 ). Extrapolation of these aniline levels, considering that NA4AP is the major metabolite of aniline, would result in urinary NA4AP levels up to the mg/l range. Variations between these studies can be explained by different study sizes, the times the studies were conducted, and mostly by differences in the analytical methods, especially concerning the hydrolysis of acetanilide. To date, neither the specific aniline metabolite acetanilide nor NA4AP (with the exception of the studies carried out by Modick et al. (2013) and Dierkes et al. (2014) ) has been used in HBM studies to determine exposure to aniline.
The main routes of aniline exposure in the general population have been postulated to be pesticide residues, pharmaceuticals, colorants used in food, cosmetics, and textiles, and cigarette smoke (German Federal Ministry of Environment 2011). Palmiotto et al. (2001) detected aniline in the indoor air of homes at levels ranging from 5 ng/m 3 to about 33 ng/m 3 , with higher values being observed in the homes of smokers. Aniline was also detected in the air of several public buildings and in outdoor air, highlighting the ubiquitous presence of aniline in the environment (Palmiotto et al. 2001) .
Evidence for the developmental toxicity of NA4AP
In vitro and animal studies Animal studies carried out in the 1980s have already suggested an association between prenatal exposure to analgesics and reduced masculinization. In 1989, it was found that the administration of aspirin to mice inhibited the synthesis of prostaglandins (PGs) in male and female fetuses (Gupta 1989) . PGs are supposed to be involved, inter alia, in processes such as early male sexual development and masculinization and hormone regulation (Gupta 1989 , Amateau & McCarthy 2004 . Kristensen et al. (2010) showed that intrauterine exposure of Wistar rats to NA4AP led to a significant reduction in the anogenital distance of male offspring. In the same study, the authors reported a reduced production of PGD2 and testosterone in ex vivo fetal rat testes (Kristensen et al. 2010) . A study carried out by Kristensen et al. (2011) that many presumed endocrine-disrupting chemicals (EDCs) dose dependently inhibited PGD2 synthesis in mouse Sertoli cell lines. The observed effect was comparable within the tested analgesics, which included NA4AP, aspirin, and ibuprofen, and was even higher than the measured effect of other known EDCs such as n-butylparaben and bisphenol A. Therefore, the authors concluded that pharmaceutical PG inhibitors such as NA4AP, aspirin, and ibuprofen may act as endocrine disruptors. The authors were also able to pinpoint the suppression of PG synthesis to the inhibition of cyclooxygenase (COX) enzymes (Kristensen et al. 2011) . It is thought that NA4AP acts as an inhibitor of COX enzymes, although the precise mechanism of action is still unclear (Hinz et al. 2007 ). Kristensen et al. (2012) showed that exposure to NA4AP and aspirin inhibited testosterone production in a rat organotypic culture system. The levels of testosterone produced by fetal Leydig cells were lower by about 10-50% than those of the controls when exposed to NA4AP in concentrations ranging from 0.1 to 100 mM, confirming their previous in vivo findings. However, the anti-androgenic effects of NA4AP were not correlated with the inhibition of PGD2 synthesis in this fetal testis culture system (Kristensen et al. 2012) .
Human data

Data on endocrine effects
A recent study carried by Albert et al. (2013) has investigated the direct effects of NA4AP (and two other NSAIDs) using whole human testis in organotypic culture and the NCI-H295R human steroidogenic cell line. The exposure levels to NA4AP were chosen based on the estimation of serum concentrations in adult men after exposure to a standard dose of 1 g NA4AP, 10 K5 and 10 K4 M respectively. Exposure to 10 K5 and 10 K4 M NA4AP dependently decreased testosterone secretion by the human testis after 24 h of exposure by 18 and 30% compared with that in the controls. Following 48 h of exposure, testosterone concentrations were not significantly decreased further at either dosages. Testosterone concentrations in the NCI-H295R human steroidogenic cell line were significantly lower than those in the controls after 24 h treatment with 10 K4 M NA4AP. The effect was not significant after 48 h of exposure and with the 10 K5 M NA4AP concentration.
Furthermore, 24 h of exposure to 10 K4 M NA4AP was also found to lower PG concentrations significantly in the human testis by 28% for PGD2 and 38% for PGE2 compared with the control concentrations (Albert et al. 2013) . However, the limitations of this study were the evaluations of exposure levels and the durations of exposure. Although the exposure levels were chosen based on the estimated serum concentrations as that occurring after therapeutic use, the resulting testicular concentrations in adult men are unknown and rather difficult to determine.
Mazaud-Guittot et al. (2013) used an in vitro system based on the cell culture of human fetal testes exposed to NA4AP and its metabolite N-arachinodyl-4-phenolamine (AM404; see 'Metabolism of R108 H Modick and others acetaminophen and aniline' section) and other NSAIDs at concentrations ranging from 10 K4 to 10 K7 M. Endocrine-disrupting properties were investigated through measures of testosterone, anti-Mü llerian hormone (AMH), insulin-like factor 3 (INSL3), and PGs (PGD2 and PGE2) (Mazaud-Guittot et al. 2013 ). The authors found significant inhibition of INSL3 production in samples exposed to NA4AP and AM404, with a significant dose-response relationship indicating a decrease in INSL3 production with an increasing dose of NA4AP. The measured trend for AMH production to be increased by NA4AP was not significant. Significant inhibitory effects of NA4AP on PGE2 production were observed, whereas the trends for the inhibition of PGD2 synthesis were not significant. Neither NA4AP nor AM404 had any significant effect on testosterone production in this study. The authors suggested the analgesic-induced inhibition of INSL3 production to be the mechanism by which analgesics increase the risk of cryptorchidism because several mutations of the INSL3 gene or its receptors were found to be associated with cases of cryptorchidism in humans (Foresta et al. 2008) .
Associations between acetaminophen intake during pregnancy and reproductive disorders
In a study from the Danish National Birth Cohort with 88 142 pregnant women and their liveborn singletons with questionnaire information about NA4AP use during the first trimester, no association of NA4AP with an increased prevalence of congenital abnormalities was found (Rebordosa et al. 2008) .
Since 2011, the number of studies that have found further evidence of the association between NA4AP use during pregnancy and reproductive disorders has increased. A study from the Danish National Birth Cohort using the data of 47 700 mothers and their male offspring found that cumulative NA4AP exposure of more than 4 weeks' duration may moderately increase the occurrence of cryptorchidism, especially when exposure occurs during the first and second trimesters . These findings were confirmed by Kristensen et al. (2010) in a prospective birth cohort study including 2297 Danish and Finnish pregnant women reporting their use of mild analgesics. It was reported that in the Danish birth cohort the use of mild analgesics (including NA4AP) was dose dependently associated with congenital cryptorchidism and, in particular, use during the second trimester increased the risk. The association was not found in the Finnish birth cohort. Because the birth prevalence of cryptorchidism in Finland (2.4%) is lower than that in Denmark (9.0%), the authors reported that the study may be statistically underpowered to find an association in the Finnish cohort (Kristensen et al. 2010) . Data from a French birth cohort study, published by Philippat et al. (2011) , reported that the association between maternal use of mild analgesics during pregnancy and undescended testis risk was similar to that in the Danish population described by Kristensen et al. (2010) before adjustment for maternal age, gestational duration, maternal smoking, and other factors, but weaker after adjustment. However, this study was limited by small sample size, inability to distinguish between specific analgesics, and lack of information on dose, mixture, and exact timing of use (Philippat et al. 2011) . The suggestion that intrauterine exposure to mild analgesics, primarily NA4AP, during the second trimester of pregnancy is associated with an increased prevalence of cryptorchidism was also made from the data of a large population-based cohort study carried out in The Netherlands (the Generation R Study; Snijder et al. 2012) . The authors reported several limitations of the study, mostly the limited number of cryptorchidism cases and also the definition of the different pregnancy periods. However, the strength of this study was its population-based approach, which enabled the assessment and the adjustment for a large number of potential confounders.
Metabolism of acetaminophen and aniline
Between 75 and 86% of an oral aniline dose is excreted as NA4AP, mostly in its conjugated forms in urine, as confirmed by animal experiments. Human data show that if NA4AP is taken directly (for example, after therapeutic use of acetaminophen), very similar amounts of NA4AP are excreted renally: w3% free NA4AP, w40% NA4AP glucuronide, and w35% NA4AP sulfate. As additional metabolites, NA4AP cysteine conjugate (w4%) and NA4AP mercapturate (w3%) have been reported (Ladds et al. 1987) . Minor NA4AP metabolites include 3-hydroxy-NA4AP, 3-methoxy-NA4AP, 3-hydroxy-NA4AP-3-sulfate, 3-methoxy-NA4AP sulfate, and 3-methoxy-NA4AP glucuronide. After overdosing, the relative amounts of cysteine and mercapturic acid conjugates in urine are increased (Andrews et al. 1976 ). In 2005, N-arachinodyl-4-phenolamine (AM404) was identified as a possible metabolite of NA4AP. AM404 was built in brain and spinal cord homogenates from Wistar Hannover rats after exposure to p-aminophenol (Hö gestätt et al. 2008) . At present, there are no data available concerning the occurrence of AM404 in humans. However, due to the chemical structure and the resulting highly lipophilic character of this metabolite, its occurrence in urine is unlikely.
Some differences in NA4AP metabolism in neonates, children, and adults have been reported. While in adults NA4AP glucuronide is the predominant conjugate (see above), in children the NA4AP sulfate conjugate (w47%) is more dominant than the NA4AP glucuronide conjugate (w13%) (Levy et al. 1975b , Miller et al. 1976 , Peterson & Rumack 1978 . However, the altered metabolism of NA4AP in children when compared with that in adults does not seem to affect its general rate of elimination. Plasma disappearance (elimination half-time) of NA4AP is comparable in adults (1.5-3.0 h) and children (1.0-3.5 h), with a slight prolongation of its half-life in neonates (2.2-5.0 h) (Miller et al. 1976 , Peterson & Rumack 1978 . The similar metabolic pattern of NA4AP and aniline makes it difficult to determine whether the NA4AP present in urine is due to exposure to aniline, to NA4AP, or to both substances. Only specific metabolites leading from aniline (or possibly other precursors) to NA4AP might allow a differentiation between direct NA4AP intake and NA4AP generated through precursors. Such metabolites might be acetanilide, the aminophenols, or their conjugates (see Fig. 1 ). Acetanilide has been determined by Dierkes et al. (2014) and could only be found in the urine samples of individuals after aniline exposure, but not in those of any individuals from the general population.
HBM methods for NA4AP
HBM is defined as the determination of chemical substances or their metabolites in human body fluids such as blood and urine for measuring exposure to chemical substances for risk assessment and risk management (Angerer et al. 2007) . Although NA4AP has been used as a pain reliever and fever reducer for decades, despite the veterinary use of NA4AP and the high production and sale volumes, and despite the fact that NA4AP is the most important metabolite of aniline, there is a lack of HBM data on this substance. To our knowledge, NA4AP has not yet been included in larger population-based HBM studies such as the German GerES (German Environmental Survey), the US NHANES (National Health and Nutrition Examination Survey), and the Canadian CHMS (Canadian Health Measures Survey). Camann et al. (2012) detected traces of NA4AP in nine deciduous molars of 21 children using a HPLC-MS/MS method after a neutral, basic, and acetic extraction procedure with acetonitrile to extract NA4AP from pulverized tooth crown. The measured concentrations ranged from !0.5 ng/g, which was also the limit of quantification (LOQ) of the method used, to 17.3 ng/g, with the median being less than LOQ and a 95th percentile of 10.8 ng/g. According to the authors, the NA4AP concentrations were consistent with the NA4AP intake estimated from exposure questionnaires completed by the mothers. Therefore, the authors suggested that NA4AP appears to accumulate in deciduous molars and thus is an apparent biomarker of exposure to NA4AP in the first year after birth (Camann et al. 2012) . We have recently published an analytical method for the determination of NA4AP in urine based on online extraction via turbulent-flow chromatography coupled with LC-MS/MS (Modick et al. 2013) . In a HBM pilot study, we applied this method to analyze the urine samples of 21 individuals from the general German population. Before the study, all the volunteers completed a questionnaire about their in use of NA4AP or NA4AP-containing products. NA4AP was detected in all the samples analyzed, with a wide concentration range from 8.7 to 22 120 mg/l and a median of 85.7 mg/l. We detected NA4AP even in the samples of those volunteers who indicated that they had never taken NA4AP and reported a considerable overlap in NA4AP concentrations, no matter whether the individual had or had not taken NA4AP during the week before sample collection. These findings were confirmed by our group in a second HBM pilot study investigating N4AP, the aniline-specific metabolite acetanilide, and the tentative aniline metabolite Nacetyl-2-aminophenol (Dierkes et al. 2014) . In this study, we confirmed the presence of NA4AP in urine samples obtained from individuals with no occupational aniline exposure or paracetamol medication. Not surprisingly, though, NA4AP was detected in high concentrations in the urine samples of two individuals using paracetamol medication and six volunteers with known occupational aniline exposure. Contrary to NA4AP, acetanilidethe metabolic precursor of NA4AP -was only detected after exposure to aniline. N-acetyl-2-aminophenol was detected in most of the samples, but without any relation to aniline exposure or correlation with the other two aniline metabolites. Apart from these studies, we are not aware of any other HBM measurements of NA4AP in the general population.
The quest for possible NA4AP sources by means of HBM Currently, there are no indications that NA4AP is an endogenous substance naturally occurring in the human metabolism. For the purpose of identifying the possible sources of internal body burdens of NA4AP, we determined urinary concentrations of NA4AP in different experimental settings. All urine samples described in the following were analyzed using HPLC-MS/MS methods via isotope dilution quantification, developed and refined by our group (Modick et al. 2013 , Dierkes et al. 2014 . All the following values reflect total NA4AP in urine after enzymatic hydrolysis of the glucuronide and sulfate conjugates. All urinary analyses referred to in the following have been covered by various ethical approvals of the Medical Faculty of the Ruhr-Universität Bochum, .
Analytical method
A detailed description of our analytical method can be found in Dierkes et al. (2014) . In short, all the urine samples were vortex-mixed before transferring the aliquots into silanized screw cap vials. After adding incubation buffer (ammonium acetate, pH 5.5-6.0), internal standard solution (deuterium-labeled analogs of R110 H Modick and others NA4AP and acetanilide), and glucuronidase/arylsulfatase solution (for enzymatic cleavage of glucuronide and sulfate conjugates), the samples were incubated at 37 8C in a water bath for 3.5 h. Urinary creatinine concentrations were determined according to the method of Jaffé (1886) .
Urine sample analysis was carried out using a Waters HPLC system coupled with a Waters Quattro Premier XE triple quadrupole mass spectrometer in a two-column switching assembly, which allowed online cleanup and analyte enrichment followed by chromatographic separation and mass spectrometric detection in one step. A Waters Oasis HLB cartridge column (2.1!20 mm; 25 mm) was used for cleanup and enrichment; chromatographic separation was carried out on a Thermo Scientific (Franklin, MA, USA) Hypercarb column (2.1!100 mm; 3 mm) by gradient elution with 3 mM ammonium bicarbonate solution in water and acetonitrile as solvents. Mass spectrometric detection was conducted by electron spray ionization in positive ionization mode. Argon was used as the collision gas for MS/MS measurements. Fragmentation patterns of the analytes and internal standards were obtained by full-scan experiments. Based on the parent ions, two mass transitions were confirmed and optimized manually. The mass transition with the highest intensity was used for quantification (quantifier), whereas that with the second highest intensity was used to confirm the results of the quantifier ion.
Calibration was performed with standard solutions in water. Calibration standards were treated similarly to the urine samples. Calibration curves were obtained by plotting the quotient of peak areas of NA4AP or acetanilide and their deuterium-labeled analogs as a function of their concentration with a 1/x-weighting. Intraday precision was determined by analyzing quality control urine samples (prepared in our laboratory) eight times in a row at two concentration levels (Q high and Q low ). Interday precision was determined by analyzing the control urine samples on eight different days using newly prepared calibration samples and calibration curves. Calculated deviations of intraday and interday precision measurements were below 15% for both analytes at both concentrations. The accuracy of the method was determined by analyzing eight urine samples with varying creatinine concentrations. These samples were analyzed in native condition and spiked at two concentration levels. The mean recoveries were between 105 and 114% for both analytes at both concentrations. Imprecisions calculated from the spiking experiments were in the range of intraday and interday precision data, underlining the ruggedness of the method. The limit of detection (LOD) was estimated on the basis of a signal-to-noise ratio of 3:1, and the LOQ was determined on the basis of a signal-to-noise ratio of 9:1. The LOD for acetanilide in urine was estimated to be 0.03 mg/l and the LOQ was 0.09 mg/l. The LOQ for NA4AP was set to the lowest aqueous calibration point (0.5 mg/l). However, NA4AP concentrations in all the urine samples investigated until now are usually more than tenfold above this LOQ.
Urinary NA4AP excretion in the general population
In our daily laboratory routine, we have analyzed 2098 spot urine samples of the general population for determining the concentrations of NA4AP so far. These urine samples originated from various adult and control populations present in our institute. These samples, although collected from the general population, cannot be considered to be fully representative of the general population. Individuals were presumably not pregnant and occupationally not exposed to aniline. We had no information on the usage of acetaminophen or other pain relievers. The smoking status was assessed via urinary cotinine concentrations. All statistical analyses were carried out using IBM SPSS Statistics, version 20. NA4AP was detected in all the samples analyzed, at a broad range of concentrations, whereas acetanilide could not be detected in any of the samples. The distribution of NA4AP concentrations over all the individuals is shown in Fig. 2A . Urinary NA4AP concentrations were not normally distributed before and after logarithmic transformation by the Kolmogorov-Smirnov test. Therefore, we divided the population into two groups, using a cutoff value of 4000 mg/l NA4AP: a high-exposure group (c (NA4AP) O4000 mg/l; nZ106: 56 smokers and 50 nonsmokers) and a low-exposure group (c (NA4AP) !4000 mg/l; nZ1992: 996 smokers and 996 nonsmokers). This cutoff value reflected the 95th percentile of the NA4AP concentration across all the samples. Additionally, according to the elimination kinetics of NA4AP, urinary NA4AP concentrations of 4000 mg/l would be caused by a single tablet of 500 mg acetaminophen taken 36-48 h before sampling. Within these two groups, NA4AP concentrations were normally distributed as assessed by the Kolmogorov-Smirnov test Frequency 100 000 1 000 000 10 000 000 1000 10 000 100 000 1 000 000 10 000 000 after logarithmic transformation. The distribution for the high-exposure group is shown in Fig. 2B . If we considered the distribution curve shown in Fig. 2B (with NA4AP concentrations in the mg/l range) indicative of therapeutic acetaminophen intake and used urinary NA4AP concentrations above 4000 mg/l as an arbitrary cutoff, w5% of the O2000 individuals investigated would have taken NA4AP before sampling. Urinary NA4AP concentrations divided into the subgroups of smokers and nonsmokers and total population are given in Table 3 . NA4AP concentrations differed significantly between the two groups according to the Mann-Whitney U test (PZ0.01; aZ0.05) with a median NA4AP concentration of 68.2 mg/l in smokers compared with 54.2 mg/l in the nonsmokers. After splitting the population into the two NA4AP groups, the significant effect of smoking behavior on NA4AP excretion continued to hold, especially for the group with NA4AP concentrations !4000 mg/l (PZ0.01; aZ0.05).
The influence of smoking behavior on NA4AP excretion could be explained by NA4AP being the major metabolite of aniline and aniline being a known constituent of tobacco smoke. However, several previous HBM studies have reported no significant impact of smoking behavior on urinary aniline excretion (Riffelmann et al. 1995 , Weiss & Angerer 2002 , Kütting et al. 2009 ). These contradictory findings might be explained by the relatively small effect of smoking on NA4AP (and possibly aniline) excretion that can only be detected in larger population studies. Additionally, NA4AP might be more appropriate to detect such an effect because it is the major metabolite of aniline and excreted in considerably higher concentrations than aniline (or its conjugates). On comparing median levels of smokers with those of nonsmokers, the urinary NA4AP concentrations of smokers were found to be 25% higher than those of the nonsmokers. The detection of NA4AP in the urine samples of nonsmokers and higher concentrations in the urine samples of smokers leads to the conclusion that smoking does indeed contribute to urinary NA4AP excretion, but that it is not its main source. This is supported by the lack of the aniline-specific metabolite acetanilide in the samples, which hints at other (additional) sources that might contribute to urinary NA4AP excretion. It is also congruent with the HBM pilot study carried out by Dierkes et al. (2014) , where acetanilide could not be detected in samples obtained from the general population, but could be detected only in the urine samples of individuals with high exposure to aniline.
Urinary NA4AP excretion after acetaminophen use
We investigated the urinary elimination characteristics of NA4AP in one individual (male, 31 years, nonsmoker) after oral intake of a single tablet of acetaminophen containing 500 mg NA4AP. One pre-dose urine sample was collected immediately before intake. We continuously collected urine samples for 48 h after intake. The urinary NA4AP concentrations over time are shown in Fig. 3 . Urinary NA4AP concentrations reached maximum levels of w400 mg/l between 4 and 12 h after intake. NA4AP concentrations declined thereafter in a rather monotonic manner (indicative of a single phasic elimination), but remained in the mg/l range until w36 h after intake (Fig. 3) . Urinary NA4AP concentrations after intake are comparable to the findings reported by Dierkes et al. (2014) from two individuals who had used NA4AP medication w24 h before sampling, which contributed to urinary NA4AP concentrations of 160 and 275 mg/l. Acetanilide could not be detected in any of these samples.
NA4AP excretion after occupational aniline exposure
Four individuals (two males and two females, aged 25-45 years, nonsmokers living in the greater area of Bochum, Germany) were exposed to aniline in an occupational R112 H Modick and others setting via air for 8 h at the occupational threshold limit value (7.7 mg/m 3 air), as that occurring, for example, in the rubber industry during the vulcanization process of rubber products (Korinth et al. 2006) . Complete urine voids were collected before, during, and 16 h after exposure. The volunteers recorded the time and the void of each individual sample. All four individuals did not use NA4AP-containing medications in the week before and during the study. The urinary NA4AP and acetanilide concentrations (in mg/l) and the creatinineadjusted concentrations over time for all the four individuals are shown in Fig. 4 . Before (occupational) aniline exposure, urinary NA4AP concentrations in all the participants were in the same range as in the general population, ranging from 40 to 170 mg/g creatinine (15-80 mg/l), whereas urinary acetanilide concentrations where below the LOQ (0.09 mg/l). Urinary NA4AP concentrations increased steadily during exposure and reached maximum levels of 55 000-75 000 mg/g creatinine (10 000-60 000 mg/l) between 10 and 13 h after the start of the study. Excretion maxima occurred about 2-5 h after the 8-h exposure window. Urinary acetanilide excretion followed a similar pattern, except that acetanilide concentrations were about 100-200 times lower than NA4AP concentrations, peaking at 100-300 mg/l. This is in good agreement with the findings of our previous HBM pilot study (Dierkes et al. 2014) .
In conclusion, from this small and preliminary occupational aniline exposure study, we report urinary NA4AP concentrations well in the mg/l range (up to 60 mg/l or 75 mg/g creatinine) occurring after legally permissible occupational exposure to aniline. Maximum urinary NA4AP concentrations were less than ten times below the maximum levels observed after the therapeutic use of a single 500 mg tablet of acetaminophen.
NA4AP excretion during a controlled 2-day fasting study
We hypothesized above that contaminated foodstuffs (with either NA4AP itself or precursors such as aniline) may be a possible reason for NA4AP excretion in the general population. To investigate the influence of food intake on NA4AP excretion, we carried out a 48-h fasting study. We have previously used the urine samples collected in this study to investigate the influence of foodstuffs on urinary excretion of phthalate metabolites and bisphenol A (Christensen et al. 2012 . For detailed information on study design and execution, see these publications. In short, study volunteers were five healthy employees of our institute, all living in the area of Bochum (Germany), ages ranging from 27 to 47 years (two males and three females; body weight: 60-92 kg). One volunteer was excluded from this study because questionnaire records indicated that this volunteer had possibly taken an NA4AP-containing medication during the week before the study and during the study. The remaining four volunteers (two males and two females) consisted of three nonsmokers and one smoker, who refrained from smoking several days before and during the study. The volunteers collected full volume urine samples over the course of the 48-h fasting phase, as well as samples before and after the fasting phase. Fasting itself excluded intake of any foodstuff (as well as food-related items, for example, chewing gum) and the intake of any liquids, except bottled mineral water. The timing and quantity of intake of mineral water were not regulated. The use of personal care products and use of any medications were not regulated, but were documented. None of the volunteers had known occupational exposure to aniline ). Three of the volunteers (one male and two females) started fasting at w1300 h after dining together on individual different meals. One volunteer started fasting the following day after a separate meal. One urine sample was collected before fasting (pre-fasting sample), and the volunteer started fasting immediately after the meal (tZ0 h).
The urinary NA4AP concentrations (in mg/l and creatinine adjusted) of the four volunteers over the duration of the study are shown in Fig. 5 . One can clearly see the influence of fasting (and preceding and following food intake) on the urinary excretion pattern of NA4AP. At the start of the study, the urinary NA4AP concentrations of the volunteers ranged from 3 to 1700 mg NA4AP/g creatinine (10-1100 mg/l). In all the volunteers, urinary NA4AP concentrations increased after the pre-fast meal, reaching maximum values ranging from 700 to 5000 mg NA4AP/g creatinine (1100-5300 mg/l) w2.5-6 h after the last meal. These values are of the same order of magnitude as the urinary concentrations in the general population described previously by us (Modick et al. 2013) , although at the upper range. During fasting, urinary NA4AP concentrations in all the volunteers decreased considerably by a factor of 50-100, reaching minimum values of 5-70 mg NA4AP/g creatinine (5-75 mg/l) at the end of the fast. After the volunteers resumed eating, urinary NA4AP concentrations rose again (Fig. 5) . Taken together, the data obtained in this study impressively hint that food is one possible, major source of internal body burdens of NA4AP in the general population. However, whether direct ingestion of NA4AP or NA4AP precursors such as aniline leads to the changes observed in urinary NA4AP concentrations has not been elucidated yet. In all the samples, acetanilide concentrations were below the LOD (0.03 mg/l).
Other possible NA4AP sources
As has been pointed out already, aniline is an important building block for several substances, such as pesticides and colorants (azo-dyes), that the general population is continuously exposed to. During the metabolism of these substances, free aniline might be released and further metabolized to NA4AP. A summary of possible aniline and therefore possible NA4AP precursors, according to a publication of the German Federal Ministry of Environment (2011), is given in Supplementary Table 1 (see section on supplementary data given at the end of this article). However, this list is not considered to be exhaustive. Environmental NA4AP might also be contributing to the low urinary background concentrations. For example, NA4AP and its metabolites respectively were detected in water samples from several rivers in Spain and Portugal at levels in the low mg/l range (Ló pez-Serna et al. 2010 , Santos et al. 2013 .
Conclusions
We confirmed the results of our previous studies reporting the ubiquitous excretion of NA4AP in urine in the general population (Modick et al. 2013) . Using measurements of more than 2000 urine samples, we determined a median NA4AP excretion of around 60 mg/l. However, urinary NA4AP concentrations well into the mg/l range can still be observed in individuals with no obvious NA4AP exposure such as intake of NA4AP-containing medications (or occupational aniline exposure). As shown by the distribution of the NA4AP values in the 2000 urine samples obtained from the general population as well as the defined dosing of one tablet of acetaminophen, urinary NA4AP concentrations above 4000 mg/l hint at the direct intake of NA4AP through medication (within the last 36-48 h). Recent acetaminophen users exhibit urinary NA4AP concentrations close to the g/l range. However, 4000 mg NA4AP per liter urine can only be regarded as a soft cutoff R114 H Modick and others between acetaminophen users and nonusers, as concentrations above this value might also be caused by food intake (as shown by our volunteer fasting study) or occupational aniline exposure. On the other hand, two days after medication related acetaminophen uptake, urinary NA4AP concentrations can drop below 1000 mg/l. The sources of ubiquitous internal body burden of NA4AP in the general population remain obscure. However, our research hints at several possible sources: i) direct intake of acetaminophen or acetaminophencontaining pharmaceuticals as a primary source for high urinary NA4AP concentrations; ii) occupational exposure to aniline, leading to NA4AP as the major aniline metabolite; iii) ubiquitous exposure to environmental sources, for example, nutrition, possibly containing NA4AP itself or aniline and other NA4AP precursors; and iv) smoking, most probably through aniline, which is present in both mainstream and sidestream cigarette smoke. Until now, we are not fully aware of the underlying mechanisms of nutrition being a source of urinary NA4AP excretion.
The ubiquitous background excretion of NA4AP in the general population is not implausible. We summarized the broad use of NA4AP in human medicine above and also speculated about its use in veterinary medicine. Ubiquitous aniline exposure in the general population has been described previously, and NA4AP has been known to be the major metabolite of aniline for a long time. One major task for the future is to disentangle and quantify the contribution of each possible source to the total ubiquitous NA4AP excretion.
From the toxicological perspective, the omnipresence of a pharmacologically active substance, which is, to our knowledge, not naturally occurring in the human body, raises some concern, as recent animal and human studies indicate anti-androgenic effects of NA4AP and suggest NA4AP to be a possible risk factor for male developmental disorders in humans. Further evaluation of our findings of an omnipresent NA4AP excretion depends upon at least two key questions. i) Can it be confirmed (by both mechanistic and epidemiological studies) that therapeutic doses of NA4AP cause detrimental effects in male human offspring? ii) Are urinary NA4AP concentrations in the mg/l range (as observed in non-acetaminophen users and aniline-exposed individuals) indicative of NA4AP doses of possible toxicological relevance?
Therefore, to fully understand and investigate the sources and routes of exposure as well as the resulting toxicological impacts, an interdisciplinary approach in this matter is warranted. At this point, HBM can play an important role in the assessment of NA4AP exposure in specific cohorts, populations, and subpopulations, in the investigation of differences and similarities in NA4AP and aniline metabolism, and in the confirmation or refutation of links between NA4AP exposure and possible (adverse) effects.
